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Abstract 
Here we report a new quasi-one-dimensional S = 1 chain compound NiTe2O5. From the 
comprehensive study of the structure and magnetic properties on high quality single crystalline 
NiTe2O5, it’s revealed that NiTe2O5 undergoes a transition into an intriguing long-range 
antiferromagnetic order at TN = 30.5 K, in which longitudinal magnetic moments along the 
chain direction are ferromagnetically ordered, while their transverse components have an 
alternating ferromagnetic-antiferromagnetic coupling. Even though the temperature 
dependence of magnetic susceptibility represents an archetypal anisotropic antiferromagnetic 
order, we found that critical behavior of unconventional nature with 𝛼′~0.25 and 𝛽~0.18 is 
accompanied by the temperature evolution of the antiferromagnetic order parameter. 
 
 
 
 
 
Quantum-dynamic as well as thermodynamic tunability for competing interactions 
lead to a phase transition, where the physical quantities exhibit critical behavior following the 
power law [1]. Plenty of exotic phenomena have been observed near the (quantum) critical 
regime of correlated systems, such as the atmospheric dynamics of water vapor [2], superfluid 
density of two dimensional superconductor [3], surface critical behavior in topological phase 
[4], Higgs mode in quantum antiferromagnet [5], quantum criticality in multiferroics [6], 
quantum phase transition in two-dimensional electron system [7, 8], etc. Despite the variety of 
complex interactions and correlations, the critical behavior only depends on global properties 
such as the spatial dimension, the symmetry of the order parameter, and the range of interaction 
rather than microscopic details [1, 9]. Feature of the critical behavior, which is described by a 
set of critical exponents and scaling functions in the power law, provides the foundation to 
categorize the collective phenomena as the universality class and to understand the origin of 
the ground state as well as the phase transition. For example, depending on the space and spin 
dimensions, magnetic systems are classified as to the universality class depending on their 
critical exponent 𝛽 of order parameters as follows: for 2D-Ising, 𝛽 = 1/8; 3D-Ising, 𝛽 =
0.33 ; 3D-XY, 𝛽 = 0.35 ; 3D-Heisenberg, 𝛽 = 0.36 ; and mean field, 𝛽 = 0.5 . However, 
recently, unconventional critical behavior has been observed in strongly correlated electron 
systems such as superconducting heavy fermion UIr [10] and U(Rh,Ge)2 [11], weak 
ferromagnetic BaIrO3 [12], organic ferromagnetic TDAE-C60 [13], and itinerant ferromagnetic 
Sr1−xCaxRuO3 [14]. 
Here we introduce a new quasi-one-dimensional chain compound NiTe2O5, in which 
spin-1 of Ni2+ ions form a one-dimensional chain structure through NiO6 octahedra’s edge-
sharing as shown in Figure 1(a). For magnetic one-dimensional chain systems, it is known that 
a magnetic order parameter, described as one-dimensional order parameter with discrete 
symmetry, can only manage to order at T = 0 while remaining disordered at all finite 
temperatures. On the other hand, two-dimensional order parameters in the one-dimensional 
chain cannot be ordered even at T = 0, not to mention ordering at T ≠ 0 [15]. However, often 
finite interchain exchange coupling prohibits the genuine one-dimensional intrachain coupling 
and results in a long-range order at T ≠ 0 [16]. Comparing with the reported (quasi) one-
dimensional spin systems Sr2CuO3 (3.549 Å)[17] and Y2BaNiO5 (5.7613 Å)[18], NiTe2O5 has 
a comparable or larger interchain distance of 5.957 Å between Ni2+ ions, and could be 
considered as a quasi-one-dimensional chain. We find that NiTe2O5 undergoes a long-range 
antiferromagnetic (AFM) order with an archetypical anisotropic AFM anomaly at TN = 30.5 K, 
and the AFM order parameter develops with intriguing unconventional critical behavior. 
Polycrystalline and single crystalline specimens of NiTe2O5 were prepared using the 
solid state reaction method and the flux growth method, respectively. For the synthesis of the 
polycrystalline sample, high purity powders of NiO (99.998%) and TeO2 (99.99%) were 
weighed with a stoichiometric molar ratio of NiO:TeO2 = 1:2. The weighed powder was mixed 
and pressed in a cylindrical mold. The pressed pellet was sintered at 685 ℃ for 12 hours. This 
powder sintering process was repeated twice with intermediate grindings. Powder X-ray 
diffraction (XRD) experiment was subsequently performed using a Bruker D8 Advances, and 
crystallographic structure of the synthesized polycrystalline NiTe2O5 was confirmed by 
Rietveld refinement as shown in Figure 1(c) [19]. The calculated and experimental diffraction 
patterns are well fit with a reliability factor of 𝜒2 = 1.68. The determined crystallographic 
structure and parameters of NiTe2O5 are summarized in Table I. NiTe2O5 has orthorhombic 
structure of Pbnm (#62) space group with the a, b, and c lattice constant of 8.4418, 8.8663, and 
12.1203 Å, respectively. The edge-sharing of distorted NiO6 octahedra forms a one-
dimensional chain structure along the c-axis with S = 1 of Ni2+ ion (Figure 1(a)). The NiO6 
chains are arranged in a distorted square lattice, and the residual Te4+ and O2- ions occupy 
interspace of the chains (Figure 1(b)). 
Figure 2(a) shows the temperature dependence of dc magnetic susceptibility 𝜒dc(𝑇) 
of polycrystal and a, b, c crystallographic axis of the single crystal, which presents the 
archetypal AFM anomaly with distinct magnetic anisotropy with respect to the chain direction. 
With decreasing temperature, the magnetic susceptibility gradually increases following the 
Curie-Weiss law and starts to deviate from the mean-field behavior 𝜒dc
−1(𝑇) ∝ 𝑇 below ~ 100 
K. As shown in the inset of Figure 2(a), the Curie-Weiss fitting between 200 K and 350 K for 
𝜒dc
−1(𝑇) along the c-axis determines the Curie-Weiss temperature of 𝜃CW  =  −8.87 K and 
estimates the intra-chain exchange coupling constant of 𝐽 = 3𝑘B𝜃CW/𝑧𝑆(𝑆 + 1) =
−0.57 meV, where 𝑧 = 2 is the number of nearest-neighbor ions in the chain for the exchange 
interaction. The deviation from 𝜒dc
−1(𝑇) ∝ 𝑇 is attributed to short range correlations near the 
ordering temperature. At TN = 30.5 K, NiTe2O5 undergoes a clear long range AFM order 
accompanied by the distinct magnetic anisotropy for a, b, c-axis. Along the c-axis parallel to 
the chains, the dc magnetic susceptibility (red line) drastically decreases down to 1 % of 
𝜒dc(𝑇 = 𝑇N) at T = 2 K. On the other hand, a- (green line) and b-axis (blue line) magnetic 
susceptibilities manifest negligible/reduced temperature dependences below TN. The magnetic 
anisotropy of 𝜒dc(𝑇 < 𝑇N) indicates that the Ni
2+ spins are nearly aligned along the c-axis 
parallel to the chain below TN. The thermodynamic property was studied by measurements of 
temperature dependent specific heat 𝐶(𝑇) from 1.8 to 300 K (Figure 2(b)). A sharp lambda-
shaped anomaly associated with the second-order AFM transition is observed at TN. In order 
to estimate thermodynamic contributions of the magnetic degree of freedom, phonon 
contribution to the 𝐶(𝑇) was evaluated by using both the experimentally measured 𝐶(𝑇) of 
nonmagnetic MgTe2O5 (Figure S1 of Supplemental Material [21]) [22], and the Debye model 
with various Debye temperatures. Both 𝐶(𝑇) of nonmagnetic MgTe2O5 and scaled 𝐶(𝑇) 
with the Lindemann factor [23,24] of 𝐿 = 0.9630 exceed the 𝐶(𝑇) of the NiTe2O5 above TN 
(see Supplemental Material [21]). Instead, the Debye approximation employing three Debye 
temperatures (𝑇D1 = 935 K, 𝑇D2 = 605 K, 𝑇D3 = 224 K) results in the best fit over a wide 
temperature range above TN (light blue curve in Figure 2(b)). By subtracting off the calculated 
phonon specific heat of the Debye model, temperature dependence of the magnetic specific 
heat 𝐶mag(𝑇) is estimated and 𝐶mag(𝑇)/𝑇 (black dots in Figure 2(c)) is integrated with the 
temperature. A red solid line displays the temperature evolution of the magnetic entropy of 
NiTe2O5. The S = 1 system should have a total magnetic entropy of Rln(2S+1) = 9.13 J/K mol 
(red dashed line in Figure 2(c)), but the integrated magnetic entropy exceeds 9.13 J/K mol as 
shown by the red line in Figure 2(c). The excess is attributed to residual lattice contribution in 
the estimated magnetic specific heat. In any case, we believe the full magnetic moment of Ni2+ 
ions is completely ordered at TN. 
The magnetic structure of NiTe2O5 was determined by powder and single crystal 
neutron diffraction experiments, which have been performed in the C5 beamline at Canadian 
Institute for neutron Scattering and in the HB-3A four-circle diffractometer at Oak Ridge 
National Laboratory (ORNL), respectively. For the single crystal neutron diffraction 
experiment, a 90 mg high quality NiTe2O5 single crystal was prepared (see inset of Figure 3(c)). 
Figure 3(a) and (b) compare the experimental and calculated results of the powder neutron 
diffraction at 300 and 2 K. At T = 2 K, distinctive Bragg peaks are observed at the following 
angles of θ = 15.9 °, 16.8 °, 36.43 °, 36.45 °, 37.62 °, and 37.63 °, which correspond to the 
magnetic Bragg peaks of  (0 1 0), (1 0 0), (2 0 1), (1 2 0), (0 1 3), and (2 1 0), respectively. 
These additional peaks originate from the AFM order. Figure 3(c) plots the calculated versus 
the observed squared structure factors from the single crystal neutron diffraction data collected 
at 4 K. For the magnetic Rietveld refinement, we considered eight possible magnetic 
symmetries that were calculated by the magnetic symmetry analysis tools at the Bilbao 
Crystallographic Server [25]. We found that the Pbnm magnetic symmetry best fits the data, 
where the unweighted single-crystal R-factor is Rf = 5.32 %. According to the refinement, the 
total magnetic moment of NiTe2O5 is 2.18(3) μB per Ni2+ ion, which is in perfect agreement 
with the expected value for S = 1 with a g factor of 2.2 and the c-axis (longitudinal) component 
of the magnetic moment is |𝑚𝑐| = 𝑚∥ = 2.15(3) 𝜇B  as expected from the magnetic 
anisotropy of 𝜒dc(𝑇). In contrast to the AFM negative 𝜃CW of −8.87 K under the Curie-
Weiss law, the magnetic Rietveld refinement on the single crystal neutron diffraction reveals 
that 𝑚∥  are ferromagnetically aligned along the chain but antiferromagnetically coupled 
between the chains (see Figure 3(d)). In addition, the Ni2+ spins also have transverse component 
𝑚⊥ by canting away from the chain direction and the 𝑚⊥ are arranged with left-right-right-
left configuration along the chain as shown in Figure 3(d) and (e), where 𝑚𝑎 = 0.27(5) 𝜇B, 
𝑚𝑏 = 0.27(5) 𝜇B , and |𝑚⊥| = (𝑚𝑎
2 + 𝑚𝑏
2)
1
2 = 0.38(6) 𝜇B. Thus, along the chain, 𝑚∥  are 
ferromagnetically ordered, but 𝑚⊥  have alternating ferromagnetic and antiferromagnetic 
nearest-neighbor coupling. Further detailed studies on exact local spin correlation and model 
Hamiltonian are required. 
In the vicinity of the phase transition, physical quantities exhibit critical phenomena, 
which are represented by power-laws and quantitatively characterized by exponents of the 
power laws, so-called critical exponents. A set of the critical exponents can clarify the 
universality class of phase transitions without knowing a microscopic picture of complex 
interactions and correlations. We have investigated the universality class of the intriguing spin 
configuration in NiTe2O5 with critical behavior of 𝐶mag(𝑇)  and temperature dependent 
development of magnetic Bragg peak (100) intensity √𝐼(100)(𝑇) − 𝐼0. As shown in Figure 4(a) 
and (b), 𝐶mag(𝑇) and √𝐼(100) − 𝐼0, where I0 = 8.43733, follow power laws behavior below 
TN. From the slopes in the logarithmic plots for 𝑇N and 𝑇N ± 0.1 K within an error of the 
measured transition temperature Tt, we determined that the critical exponents of 𝛼′  in 
𝐶mag(𝑇) ~ [(𝑇t − 𝑇) 𝑇t⁄ ]
−𝛼′  and 𝛽  in 𝐼(100) ~ [(𝑇t − 𝑇) 𝑇t⁄ ]
2𝛽  are 𝛼′ = 0.14 , 0.25 , 
0.31 and 𝛽 = 0.17, 0.18, 0.20 for Tt = TN – 0.1, TN, TN + 0.1 K, respectively. As shown in 
Figure 4(c), 𝛽 = 0.18 presents the best fit between the experimental data and the power law 
fitting result for 𝐼(100) ~ [(𝑇N − 𝑇) 𝑇N⁄ ]
2𝛽 . Notes that the studies of single crystal neutron 
diffraction and 𝜒dc(𝑇)  seemingly reflect an archetypical three-dimensional AFM order, 
which can belong to either 3D Ising of 𝛽 = 0.33 or 3D Heisenberg of 𝛽 = 0.36. In contrast, 
it is discovered that the experimentally estimated critical exponents of 𝛼′~0.25 and 𝛽~0.18  
show a clear discrepancy with the conventional universality class of 3D Ising (𝛼′ = 0.11 and 
𝛽 = 0.33 ) and 3D Heisenberg ( 𝛼′ = 0.12  and 𝛽 = 0.36 ). The unconventional critical 
behavior has been observed in the two-dimensional magnet within a window 0.1 ≤ 𝛽 ≤ 0.25 
[26], near the tricritical point of La0.6Ca0.4MnO3 with 𝛽 = 0.25  [27], and in a two-
dimensional conductor with 𝛽 = 1 [28], etc. However, understanding of the unconventional 
critical behaviors in the one-dimensional system is still unclear, and further experimental and 
theoretical studies are required. Since the magnetic ground state of NiTe2O5 consists of 
quantum spins similar to those in other low-dimensional quantum magnet [29], it is 
quintessential to explore a new universality class determined by exotic global properties. 
In conclusion, we find a new quasi-one-dimensional chain system NiTe2O5, in which 
edge-shared NiO6 octahedra form a chain and the chains are arranged in the distorted square-
lattice. The temperature dependences of magnetic susceptibility and specific heat demonstrate 
an antiferromagnetic phase transition at ~ 30.5 K, exhibiting an archetypal anisotropy of 
magnetic susceptibility and lambda-shaped anomaly of specific heat. The single-
crystal/powder neutron diffraction experiment reveals that the long-range antiferromagnetic 
order of NiTe2O5 has the interesting spin configuration of ferromagnetically ordered 
longitudinal magnetic moments, but alternating ferromagnetic-antiferromagnetically ordred 
transverse magnetic moments along the chain. Remarkably, the temperature dependence of 
single-crystal neutron diffraction clearly demonstrates that the antiferromagnetic order 
parameter develops with the unconventional critical exponent of 𝛼′~0.25 and 𝛽~0.18 in 
the quasi-one-dimensional spin chain struture. Our experimental discovery presents rich 
unconventional critical behavior in a low-dimensional quantum magnet and provides a new 
facet in the research of quantum/topological magnetic systems. 
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 Figure 1. Crystallographic structure of NiTe2O5 in (a) bc-plane and (b) ab-plane. (c) 
Powder X-ray diffraction results (black line) at room temperature. The red line is the best 
fit from the Rietveld refinement using FULLPROF [20]. The green hash marks depict the 
position of Bragg peaks, and the bottom blue line represents the difference between the 
observed and calculated intensity. 
 
 
  
Chemical formula NiTe2O5 
Structure Orthorhombic 
Space group Pbnm 
a (Å) 8.4418 
b (Å) 8.8663 
c (Å) 12.1203 
RP (%) 14.2 
Rwp (%) 13.8 
Rexp (%) 10.6 
χ2 1.68 
Te1 (x, y, z) (0.15962, 0.85151, 0.48628) 
Te2 (x, y, z) (0.19652, 0.10629, 0.25) 
Te3 (x, y, z) (0.68169, 0.33474, 0.25) 
Ni (x, y, z) (0.98462, 0.51679, 0.12273) 
O1 (x, y, z) (0.66773, 0.12569, 0.25) 
O2 (x, y, z) (0.12455, 0.45826, 0.25) 
O3 (x, y, z) (0.40877, 0.48597, 0.13537) 
O4 (x, y, z) (0.14059, 0.68765, 0.10950) 
O5 (x, y, z) (0.11526, 0.38428, 0.48515) 
O6 (x, y, z) (0.82248, 0.34407, 0.12771) 
Table I. Unit cell parameters, reliability factors, and atomic positional parameters for 
NiTe2O5. 
 
 
  
 Figure 2. Temperature dependence of (a) the magnetic susceptibility of a- (green), b- 
(blue), c- (red) axis of single-crystalline and polycrystalline (black) NiTe2O5 in 𝑯 =
𝟐 𝐤𝐎𝐞, (b) the specific heat 𝑪(𝑻) of a single crystal. Orange, light green, and light blue 
curves indicate the fitting curve from the Debye model with single (𝑻𝐃 = 𝟔𝟏𝟑 𝐊), two 
(𝑻𝐃𝟏 = 𝟏𝟎𝟎𝟖 𝐊 , 𝑻𝐃𝟐 = 𝟒𝟎𝟕 𝐊 ), and three (𝑻𝐃𝟏 = 𝟗𝟑𝟓 𝐊 , 𝑻𝐃𝟐 = 𝟔𝟎𝟓 𝐊 , 𝑻𝐃𝟑 = 𝟐𝟐𝟒 𝐊 ) 
Debye temperatures, respectively. The purple curve represents scaled 𝑪(𝑻) of MgTe2O5 
with the Lindemann factor [23,24]. Temperature dependence of inverse magnetic 
susceptibility and 𝑪/𝑻 are shown in the insets of (a) and (b), respectively. A black dashed 
line indicates Curie-Weiss fitting result from 200 K to 350 K. (c) Temperature dependence 
of magnetic specific heat 𝑪𝐦𝐚𝐠/𝑻 (black solid circles) and magnetic entropy (red solid 
line). 𝑪𝐦𝐚𝐠 is estimated by subtracting the phonon specific heat from the Debye model 
fitting of three Debye temperatures.  
 Figure 3 Powder neutron diffraction patterns at (a) 300 K, and (b) 2 K. Black and red 
lines are the observed and calculated results, respectively. The upper and lower sets of 
hash marks signify the Bragg reflections of the nuclear and magnetic phase, respectively. 
In (b), the positions (from left to right) of the magnetic reflections (010), (100), (201), (120), 
(013), and (210) are marked by arrows. (c) Observed versus calculated intensity (square 
of the structure factor) of the magnetic Bragg reflections for NiTe2O5 single crystal in 
arbitrary units. Inset is a photo of the employed NiTe2O5 single crystal. Schematic 
magnetic structure of NiTe2O5 with (d) full magnetic moment of Ni2+ in the c-[110] plane 
and (e) transverse component 𝒎⊥ = √𝒎𝒂𝟐 + 𝒎𝒃
𝟐  of the magnetic moment from the 
experimental result of single-crystal neutron diffraction. 
 Figure 4 Power-law fittings for the critical phenomena in (a) magnetic specific heat (red 
line) and (b) (100) magnetic reflection intensity 𝑰(𝟏𝟎𝟎) (blue line) on logarithmic scales. 
Considering the experimental error of the transition temperature Tt, the power-laws are 
analyzed for Tt = TN – 0.1, TN, TN + 0.1 K. The fittings give the critical exponents of 𝜶′ =
𝟎. 𝟏𝟒, 𝟎. 𝟐𝟓, 𝟎. 𝟑𝟏 and 𝜷 = 𝟎. 𝟏𝟕, 𝟎. 𝟏𝟖, 𝟎. 𝟐𝟎 with respect to Tt = TN – 0.1, TN, TN + 
0.1 K, respectively. Background of (100) magnetic reflection 𝑰𝟎 = 𝟖. 𝟒𝟑𝟕𝟑𝟑 is estimated 
from a mean value of 𝑰(𝟏𝟎𝟎) at 𝑻𝐍 < 𝑻 < 𝟑𝟓 𝐊. (c) Temperature evolution of the (100) 
magnetic reflection intensity below 𝑻𝐍. The blue solid line is the best fit to the power law, 
𝑰(𝟏𝟎𝟎)~(𝑻𝐍 − 𝑻)
𝟐𝜷 , where 𝜷 = 𝟎. 𝟏𝟖  is the critical exponent. Gray, cyan, pink, and 
purple solid lines are power law behavior for 𝜷 = 𝟏/𝟖 (2D Ising), 𝟎. 𝟐𝟓 , 𝟎. 𝟑𝟑 (3D 
Ising), and 𝟎. 𝟓 (mean field), respectively. 
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